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Available online 3 October 2013AbstractNozzle damping is one of the most important factors in the suppression of combustion instability in solid rocket motors. For an engineering
solid rocket motor that experiences combustion instability at the end of burning, a wave attenuation method is proposed to assess the nozzle
damping characteristics numerically. In this method, a periodic pressure oscillation signal which frequency equals to the first acoustic mode is
superimposed on a steady flow at the head end of the chamber. When the pressure oscillation is turned off, the decay rate of the pressure can be
used to determine the nozzle attenuation constant. The damping characteristics of three other nozzle geometries are numerically studied with this
method under the same operating condition. The results show that the convex nozzle provides more damping than the conical nozzle which in
turn provides more damping than the concave nozzle. All the three nozzles have better damping effect than that of basic nozzle geometry. At last,
the phase difference in the chamber is analyzed, and the numerical pressure distribution satisfies well with theoretical distribution.
Copyright  2013, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Solid rocket motors are often prone to combustion insta-
bility that is characterized by the periodic pressure oscillations
in the chamber [1]. Such oscillations can result in severe thrust
oscillations and rocket structure vibrations [2]. Combustion
instability in solid rocket motors has been a continuing
problem since the first rockets were used in World War II [3].
Over the past few decades, a considerable amount of time and
money has been spent on suppressing combustion instability in
solid rocket motors. The ‘rules of thumb’ methods include
inserting a slab into the hole of the tubular grain, drilling a* Corresponding author.
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http://dx.doi.org/10.1016/j.dt.2013.09.016series of radial holes in the grain [4], changing the geometry of
the grain, especially at the head end of the motor, adding
aluminum or other inert particles into the propellant [5], and
modifying the nozzle geometry [6] and so on. Although the
combustion instability can be suppressed to some extent, the
low frequency axial combustion instability is a thorny issue
that needs to be considered in the design of large solid rocket
motors till now.
In recent years, the fundamental acoustic instability has
been occurred in several rocket motors at the end of burning,
as shown in Fig. 1. This low amplitude but sustained pressure
oscillation greatly affects the performance of the motor. The
low axial combustion instability cannot be suppressed by
using metal powders or metallic oxide particles. In contrast,
the particles can increase the pressure oscillation by interact-
ing with the parietal vortex shedding [7]. As for a structure
fixed solid rocket motor, the increase in nozzle damping effect
is a most effective way to suppress the combustion instability
because the nozzle damping is one of the principal damping
mechanisms. The nozzle damping accounts for about 50% ofction and hosting by Elsevier B.V. All rights reserved.
Fig. 1. Example of combustion instability.
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nozzle type can lead to big changes in motor stability. The
acoustic pressure waves can be transmitted through the nozzle
throat and radiated to the environment. The theoretical deter-
mination of the nozzle damping is a difficult gas dynamical
problem. Crocco and Sirignano [8] did a fundamental inves-
tigation on the treatment of nozzle admittance. He considered
that the motion of wave in the nozzle is three dimensional and
the mean flow is one dimensional. Janardan and Zinn [9,10]
experimentally studied the damping of axial instabilities of
small scale nozzles under cold-flow condition. They concluded
that the conical nozzle provides more damping than the equal-
radii-of curvature nozzle. Anthoine et al. [11] numerically
studied the effect of nozzle cavity on solid rocket motor with a
submerged nozzle. He concluded that the evolution of the
maximum sound pressure level is approximately linear with
the nozzle cavity volume. Therefore, in order to increase the
nozzle damping, the nozzle geometry should be fully consid-
ered at the beginning of motor design.
In this paper, a wave attenuation method is provided numeri-
cally to assess the nozzle damping characteristics based on an
engineering solid rocket motor that experiences combustion
instability at the end of burning. Thenumericalwork is carried out
on three other different typical nozzle geometries (convex nozzle,
conical nozzle, and concave nozzle). Both the pressure oscillation
characteristics and the damping effects are obtained. The nu-
merical results can be for reference in the design andmodification
of solid rocket motor to improve the stability.
2. Wave-attenuation method
Up to date, the nozzle damping characteristics have been
measured using several methods, such as frequency-response
method, standing-wave method and wave-attenuation method
[12]. In this paper, the wave-attenuation method [13] is uti-
lized and is implemented in a numerical way. A periodic
pressure oscillation which frequency equals to the first
acoustic mode is superimposed on a steady flow at the head
end of the chamber. When the pressure oscillation signal is
turned off, the decay rate of the pressure can be used to
determine the nozzle damping effect. It is supposed that there
is no other source of acoustic energy exists in the chamber,and the acoustic energy consumption of energy due to vis-
cosity is ignored. Therefore, the acoustic energy is not affected
by other factors than the nozzle itself. The time history of the
pressure can be expressed as follows after turning off the
pressure oscillation
p0 ¼ p0eaN,t ð1Þ
where aN is the nozzle decay coefficient.
According to Eq. (1), the amplitude of the pressure oscillation
decays in an exponential way. Therefore, the attenuation constant
can be obtained by plotting the peak-to-peak amplitudeetime
curve in a logarithmicetime coordinate system, we have
aN ¼ lnp2 lnp1
t2 t1 ð2Þ
3. Numerical method
The numerical work is based on the commercial CFD
(computational fluid dynamics) code FLUENT 6.3, which
has been successfully used for applications related to solid
rocket motors. This approach solves the governing equations
of continuity, momentum and energy simultaneously. When
the chemical reactions are neglected, these equations can be
written in the following conservative form
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where E ¼ eþ 1=2uiui.
The governing equations are supplemented with the equa-
tion of state for ideal gas
P¼ rRT ð7Þ
The RNG k  ε turbulence model is included to close
the N-S equations. The second-order implicit formulation is
used in an unsteady solver. A CouranteFriedricheLewy
(CFL) number of 1 is imposed, and a time step is 5  105 s.
The simplified 2-D axisymmetric model of the engineering
solid rocket motor that experiences combustion instability at
the end of burning is shown in Fig. 2. The whole
Table 1
Monitor coordinate.
Point 1 Point 2 Point 3 Point 4 Point 5
X (m) 0.1 0.8 1.6 2.4 3
Y (m) 0.21 0.21 0.21 0.21 0.21
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mesh refined near the wall and the mass flow inlet. The
smallest grid spacing at the propellant surface is about 1 mm.
The boundary condition is also illustrated in Fig. 2. For the
purpose of keeping the actual working conditions, a constant
mass flow inlet is chosen to simulate the burning of propellant.
Without the consideration of combustion kinetics, the ther-
modynamic properties are assumed as the constants for the
present study. The temperature at the inlet is kept at 3500 K.
The flow variables at the exit are extrapolated from the flow
variables within the computational domain.
In order to employ the wave-attenuation method in the
numerical work, a periodic pressure oscillation signal which
frequency equals to the first acoustic mode (177 Hz) is
superimposed on a steady flow at the head end of the chamber
via UDF (user defined function) for 0e0.3 s, and then the
pressure oscillation is turned off to determine the decay rate of
the pressure. Five virtual pressure monitors are set along the
mass flow inlet to record the pressure changing history. The
detailed locations of monitors are listed in Table 1.
Three other different typical nozzle geometries (convex
nozzle, conical nozzle, and concave nozzle) are used in the nu-
merical work to compare with the basic design nozzle. The four
nozzles are shown in Fig. 3. The operating conditions of the four
cases are the same so as to facilitate comparison. The pressure
oscillation characteristics, nozzle decaying coefficient and pres-
sure phase distribution are analyzed in the following section.
4. Results and discussion4.1. Pressure oscillation characteristicsThe simulation firstly carries out about 2000 steady itera-
tions with a good convergence of the solution. Then the pe-
riodic pressure oscillation is added at the head of the chamber
to simulate a combustion instability phenomenon, and the
unsteady simulation is restarted for a physical time of 1 s. The
pressure oscillation is turned on for 0e0.3 s, and then is turned
off. The variations of the pressure at 5 virtual monitors are
saved. Fig. 4(a) is a typical example that shows the pressure
oscillation characteristics when the pressure oscillation is on.
The pressure spectrum after FFT (fast Fourier transform) of
the pressure signal is shown in Fig. 4(b). It is apparent that the
oscillation is dominated by the first axial acoustic mode.
Both pressure oscillation characteristics at the head (Point
1) and the end (Point 5) are calculated in the same way. For
comparison, Case 0 (basic design) is set as a reference. The
pressure amplitudes of all cases are divided by the amplitude
of Case 0. Accordingly, the relative pressure amplitude of
Case 0 is 1. The relative pressure amplitude under differentFig. 2. Computational model and boundary conditions.nozzle geometries is shown in Fig. 5. It clearly shows that the
convex nozzle has the lowest relative pressure amplitude of
0.91 at Point 1, and the relative pressure amplitudes of conical
nozzle and concave nozzle are 0.93 and 0.96, respectively.
Both the head and end signals have the same tendency.
In Anthoine’s research work [11], he concluded that the
evolution of the maximum acoustic pressure level is approx-
imately linear with the nozzle cavity volume. In fact, the
volume of aft end cavity is indeed increased from Case 3 to
Case 0, as shown in Fig. 3. Thus, the relative pressure
amplitude is gradually increased in the previous order.
Blomshield [3] emphasized that the nozzle damping is
decreased if there is an abundant burning area in the aft end.
Generally speaking, the acoustic energy attenuation effect of
the convex nozzle is greater than that of a concave nozzle [6].
Furthermore, Zhao and Kang [14] experimentally concluded
that the acoustic scattering effect of the convex nozzle is better
than that of conical nozzle. The present result confirms the
above-mentioned conclusions.4.2. Nozzle decay coefficientThe periodic pressure oscillation is turned off at 0.3 s after
it is turned on. The data of Monitor 1 is utilized in this section.
The pressure decaying process is demonstrated in Fig. 6.
According to Eq. (1), the amplitude of the pressure oscillation
decays in an exponential way. Therefore, the attenuation
constant after pressure oscillation off can be obtained by
plotting the peak-to-peak amplitudeetime curve in a
logarithmic-time coordinate system, as shown in Fig. 7.
The scattered points can be linear fitted in a line, and the
slope of the line is the attenuation constant according to Eq.
(2). The slope in Fig. 7 is the attenuation constant aN of Case
0. The comprehensive comparison of the attenuation constants
of the four different nozzle geometries is shown in Fig. 8.
From Case 0 to Case 3, the attenuation constants are
10.7 s1, 11.03 s1, 11.06 s1 and 11.13 s1, sepa-
rately. The conclusion drawn in Section 3.2 is the same with
that in Section 3.1. The damping effect of the convex nozzle is
better than that of conical nozzle, which in turn is better than
that of concave nozzle. The basic nozzle has the worst
damping effect because of aft end cavity bigger than the other
three geometries. Generally, the damping effect of the non-Fig. 3. Different nozzle geometries.
Fig. 4. Pressure oscillation characteristics at Point 1 of Case 0.
Fig. 5. Relative pressure amplitude under different nozzle geometries.
Fig. 7. Ln(P0)et curve after pressure oscillation off.
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basic nozzle (Case 0) is a typical submerged nozzle while the
others are no-submerged nozzle. Fig. 8 clearly shows the
above conclusion.
The pressure oscillation characteristics and nozzle decay
coefficients for the different nozzle geometries show the same
conclusion. It confirms that the numerical method is reason-
able and effective. Though the calculated nozzle attenuation
constants are significantly smaller than the actual ones, the
numerical method provides an easier and cheaper way to
evaluate the nozzle damping effect before the design of a new
solid rocket motor.4.3. Pressure phase distributionThe acoustic pressure distribution along the chamber length
is also concerned in the research on combustion instability.Fig. 6. Pressure decaying process after pressure oscillation off.The rocket chamber is closed at the forward end. On the
opposite, the sound at the nozzle throat can prevent the
acoustic perturbations from propagating through it. Therefore,
the chamber can be simplified as a closedeclosed tube from
an acoustical point of view. And the acoustics is presented in
the form of standing wave. Ideally, the two ends of chamber
are the pressure anti-nodes of first acoustic pressure, where the
pressure oscillation can reach to maximum but has a phase
difference of 180. Monitor 1 (head) and Monitor 5 (end) of
Case 0 are taken for example. The phase difference is illus-
trated in Fig. 9. In one pressure oscillation period of T, the first
pressure peak of Point 1 is ahead of T/2 compared with Point
5. It indicates that the pressure signals of Point 1 and Point 5
have an opposite phase. The intermediate position (Point 3) of
the nozzle is the pressure node where the pressure oscillation
is zero. Theoretical and numerical first acoustic distributionsFig. 8. Attenuation constants of different nozzle geometries.
Fig. 9. Phase difference between pressure sensor 0# and 4#.
Fig. 10. Theoretical and numerical acoustic pressure distributions.
166 W.X. SU et al. / Defence Technology 9 (2013) 162e166are plotted on a double Y-axis in Fig. 10. It can be shown from
Fig. 10 that the numerical distribution satisfies with theoretical
distribution. Both Point 1 and Point 5 have the maximum
amplitude because they locate at the pressure anti-node, while
Point 3 nearly has no oscillation. The amplitudes of Point 2
and Point 4 are between the maximum and minimum.
From an engineering point of view, it is more effective to
modify the grain structure at the place of pressure antinodes.
However, the grain design should not have an abundance of
burning area in the aft end, because the nozzle damping may be
decreased according to the present numerical results. Zhang
et al. [15] summarized that a head end cavity can effectively
suppress the pressure oscillation. In order to reduce the pressure
oscillation to a maximal extent, both the grain modification and
nozzle geometry optimization should be comprehensively
considered before the design of new large solid rocket motors.5. Conclusions
(1) A wave attenuation method was provided numerically to
calculate the nozzle attenuation constant. It is an easier
and cheaper way to evaluate the nozzle damping effect.
(2) Both the relative pressure amplitude and nozzle attenuation
constant verify that the convex nozzle provides more
damping than the conical nozzle, which in turn provides
more damping than the concave nozzle. All the three nozzles
have better damping effect than the basic nozzle geometry.
(3) Pressure phase distribution analysis shows that the nu-
merical pressure distribution satisfies well with theoretical
distribution. The pressure oscillations at the head end of
the chamber are equal and are 180 out of phase from
those in the aft end of the chamber.
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